field locations to monitor the flowering and fruiting times of a broad spectrum of plant species commonly found in Nunavut. I used my monitoring data to inform my decisions on which species to use in my subsequent studies on the impacts of climate change on flowering and fruiting times of Nunavut Arctic plants and to aid in interpreting the results from those studies. I studied the impact of climate
FIG. 1. Herbarium specimen of mountain avens (Dryas integrifolia), accession number CAN 593348, collected in flower in Nunavut, Canada, with a label recording the location (GPS co-ordinates) and date (day, month, year) of collection.
The information recorded on the herbarium specimen can be used in phenology and climate change studies to assess the impact of climate change on the timing of flowering and fruiting. Scan of herbarium specimen courtesy of the National Herbarium of Canada, Canadian Museum of Nature. change on Nunavut Arctic plants using three different methods: long-term phenological monitoring; herbarium specimens as a source of historical phenological records; and an elevation gradient, with its associated temperature gradient, as a proxy for climate change. Broadly speaking, my research employed different spatial and temporal scales to assess Nunavut Arctic plant responses to climate change and the implications of those responses.
RESEARCH METHODS AND FINDINGS

Phenology Monitoring Study
I followed the flowering phenology at Lake Hazen, Quttinirpaaq National Park, Ellesmere Island (82˚ N) and Iqaluit, Baffin Island (64˚ N) in 2013 and 2014 (Figs. 2 and 3) . I monitored 50 common Nunavut Arctic plant species, 20 of them at both Lake Hazen and Iqaluit. Twice per week, I counted the number of flowers on tagged plants of each species at multiple sites at one or both locations (30 tagged plants per site). I determined the start, peak, finish, and duration of flowering by comparing these counts. For example, the start of flowering was the date when the flower count changed from zero flowers to one or more flowers, and peak flowering, the date with the maximum flower count. For each of the 20 species monitored at both locations, I compared flowering times of conspecific plants between the two locations and between different microclimates at each location. I found, much to my surprise, that many of the plants at Lake Hazen flowered earlier than their conspecifics at Iqaluit (Panchen and Gorelick, 2016) . I was expecting the opposite, given that Iqaluit's growingseason temperatures are 2˚C warmer than Lake Hazen's (Environment Canada, 2016) and that plants tend to flower earlier with warmer temperatures. I therefore suggest that the plants at Lake Hazen are evolutionarily adapted to the colder, shorter growing season farther north (Clausen et al., 1941; Weber and Schmid, 1998; Wagner and Simons, 2009; Anderson et al., 2012) . My analysis of the flowering times at the Lake Hazen and Iqaluit locations showed that the microclimates at a location had a much more significant relationship with the timing of flowering than either the location or the elevation. I therefore suggest that these plants showed phenotypic plasticity across microclimates at a location.
Long-term Phenology Monitoring Study
For the last 20 years (1995 -2014) , Parks Canada staff have been monitoring the flowering and fruiting times of two common Arctic plant species at Tanquary Fiord, Quttinirpaaq National Park (Fig. 3) , not far from Lake Hazen. My analysis of the long-term phenology monitoring data from Tanquary Fiord showed that the midsummerf lowering mountain avens (Dryas integrifolia Vahl) has significantly advanced its flowering and fruiting times over the 20 years of monitoring, while the early spring -flowering purple saxifrage (Saxifraga oppositifolia L.) has not (Panchen and Gorelick, 2015) . I found that the flowering time of mountain avens was twice as sensitive to temperature as that of purple saxifrage. Similarly, mountain avens fruiting time was significantly temperaturesensitive, but that of purple saxifrage was not. The 25-year (1989 -2014) weather station records from Tanquary Fiord indicate that late growing season (July) monthly temperatures and some late autumn and winter (September, October, January, and March) monthly temperatures have risen significantly, while early growing-season (May and June) monthly temperatures have not. This pattern is in line with the pan-Arctic pattern of climate change being observed (McBean, 2005; Stocker et al., 2013) . The different advances in flowering and fruiting times of these two species, which flower at different times during the growing season, reflect the fact that July temperatures are rising more than May and June temperatures.
Herbarium Specimen Study
Using my phenology monitoring data from Lake Hazen and Iqaluit, I chose 23 common Arctic plant species that have (1) flowering durations of less than three weeks, (2) easily distinguishable flowering and seed-dispersing stages, and (3) at least 50 herbarium specimens collected in Nunavut. I recorded the flowering times and seed dispersal times documented on approximately 3500 herbarium specimens collected from across the 2.1 million km 2 area of Nunavut (Fig. 3) . From these historical records, I determined that seed dispersal times have advanced at double the rate of flowering times over the 120-year period (1896 -2015) of herbarium specimen collection in Nunavut (Panchen and Gorelick, in press). For each herbarium specimen, I associated the flowering time record with the June mean temperature (in the year the specimen was collected) of the Environment Canada weather station nearest to the collection location (Environment Canada, 2016; Fig. 3 ). For each species separately, I ran a regression analysis of the flowering time records with the associated June mean temperature over the last 70 years (1946 -2015) to determine the flowering time temperature-sensitivity of each of the 23 plant species. I found great diversity in the flowering time temperature-sensitivity of the 23 species (Panchen and Gorelick, in press), and I suggested that the interspecific variation in responsiveness to climate change could lead to altered Arctic ecological community competition, pollinator interactions, and ultimately Arctic ecological community composition (Hegland et al., 2009; McKinney et al., 2012; CaraDonna et al., 2014) . The flowering time temperature-sensitivity also varied within a species: for example, plants from the Nunavut archipelago (includes the Boothia and Melville Peninsulas, as well as islands north of Hudson Bay) were more temperature-sensitive than their conspecifics from mainland Nunavut farther south (includes islands with similar latitude and climate), and within the Nunavut archipelago, plants from Baffin Island were more temperature-sensitive than their conspecifics from Ellesmere Island. From these findings, I suggested
FIG. 3. Map of collection locations and weather stations referred to in the study. Plus signs (+) show sites across Nunavut where herbarium specimens were collected in flower, and solid squares (  ) show the locations of Environment Canada weather stations used in the study. Historical monthly temperatures from these stations and recorded flowering times from the herbarium specimens were used to determine the flowering time temperature-sensitivity of 23 Nunavut Arctic plant species and to compare the temperature-sensitivity of conspecifics between the Nunavut archipelago and mainland (above and below the black line), as well as between Baffin Island and Ellesmere Island. Arrows indicate phenology monitoring locations at Lake Hazen and Tanquary Fiord on Ellesmere Island and Iqaluit on Baffin Island.
that plants are evolutionarily adapted to the Nunavut region where they grow (van Dijk et al., 1997) . My analysis of the weather station temperature records indicated that mean temperatures are rising more significantly towards the end of the growing season (July) and in the late autumn and winter months (September to February) than at the beginning of the growing season (May and June), which reflects the general Arctic climate change pattern and concurs with my Tanquary Fiord temperature analysis.
Elevation Gradient Study
I used the 1000 m elevation gradient at Lake Hazen, with its associated temperature gradient, as a proxy for climate change. In 2015, I monitored the flowering and seed dispersal times of seven species at sites along the elevation gradient at Lake Hazen. The seven species I chose were found at multiple sites along the elevation gradient and were a subset of the species I used in my phenology monitoring study at Lake Hazen and in my herbarium specimen study. I used the same method of counting flowers on tagged plants at each site as I had in my earlier phenology monitoring study to determine the peak of flowering and start of seed dispersal of each species at each site. I installed temperature sensors at the sites along the elevation gradient to determine the monthly mean temperatures at each site. I then calculated the temperature-sensitivity of flowering time and seed dispersal time for each species by regressing flowering time with June mean temperature and seed dispersal time with July mean temperature. I found a wide range of flowering time temperature-sensitivity among the seven species, with mountain avens being the most temperature-sensitive. The diversity of flowering time temperature-sensitivity in my elevation gradient study concurs with my herbarium specimen study findings and further supports my hypothesis of altered Arctic ecological community structure with climate change (CaraDonna et al., 2014) . As with the Tanquary Fiord long-term phenology monitoring study, I found that the flowering time temperature-sensitivity of mountain avens was twice that of purple saxifrage, and that seed dispersal times of mountain avens showed temperature-sensitivity, while those of purple saxifrage did not. The high flowering and fruiting time temperature-sensitivity of mountain avens calculated in this elevation gradient study and the Tanquary Fiord study suggest that mountain avens will continue to be a dominant species in the Nunavut landscape as the climate warms. In addition, I found that plants at the coldest site at the highest elevation required significantly fewer growing degree days above zero to flower than their conspecifics at lower and warmer elevations, which suggests that the plants at the highest elevation are evolutionarily adapted to the colder, shorter growing season at higher elevations (Olsson and Ågren, 2002) .
CONCLUSIONS
My results indicate that Arctic plant phenology can respond and is responding to the rising temperatures of climate change. I suggest that these responses will occur through phenotypic plasticity in the short term and evolutionary adaptation in the long term (Anderson et al., 2012) . I found that reproductive phenological events of Nunavut plants that occur later in the growing season are advancing more than those that occur earlier, reflecting the fact that in the Arctic, late growing season temperatures are rising more than early season temperatures. I also found interspecific and interregional differences in flowering and fruiting time temperature-sensitivity that could lead to altered Arctic ecological community structure. My temperature analysis showed that Nunavut is experiencing a pattern of climate change similar to that of the Arctic in general.
Perhaps the greatest contribution of my research is that these findings are consistent at different spatial scales, from the microclimates at Lake Hazen and Iqaluit to across the 2.1 million km 2 area of Nunavut; at different temporal scales, from the 20-year monitoring study at Tanquary Fiord to the 120-year study of herbarium specimens; and using three different approaches (long-term phenology monitoring records, herbarium specimen historical phenology records, and an elevation gradient as a proxy for climate change).
